of proliferative genes such as c-Myc, which are regulated by ␤-catenin-dependent Tcf/Lef transcription factors (He et al., 1998).
thase and ␤-catenin, and suggests a mechanism for (94-104) topologically equivalent to the C helix originally defined in the structure of cAMP-dependent protein kiphosphorylation-dependent autoinhibition of GSK3␤ following phosphorylation by PKB/Akt. nase (Knighton et al., 1991) . This helix is shorter than in other kinases, consisting of only two turns. The N-terminal domain connects to the remainder of the protein via an Results and Discussion ␣ helix (138-149) extending from the end of the 7 th strand. The core of the ␣-helical domain (152-342) has a similar The structure of GSK3␤ conforms to the consensus observed for "activation-segment" protein kinases, contopology to the equivalent region in the mitogen activated protein (MAP) kinases such as ERK2 and p38 sisting of an amino-terminal ␤-sheet domain, coupled to a carboxy-terminal ␣-helical domain. Although crystals (Wang et 
Conformation of Activation Loop phosphorylation of Thr 183 into activation. Remarkably, and Catalytic Groups
in GSK3␤, the same interaction and consequent alignThe catalytic activity of protein kinases depends upon ment of the catalytic apparatus is achieved by an exogethe correct juxtaposition of the catalytic groups contribnous anion, occupying an equivalent position to the uting to the transfer of the ␥-phosphate group from ATP covalently attached phosphate of activated ERK2, to a serine, threonine, or tyrosine side chain of the prowhich cross-links the activation segment to the basic tein substrate. A second factor is the accessibility and cluster by nonbonded polar interactions. The shape and correct positioning of the groups forming the substrate size of the electron density and the nature of the proxipeptide binding site, which provide affinity and specificmal groups suggest that the bound anion is a phosphate ity for the substrate (Johnson et al., 1996) . In many kior sulfate. However, neither of these ions was explicitly nases, these two requirements are simultaneously conpresent in the buffers used to purify and crystallize hutingent upon the conformation of an "activation segment" man GSK3␤ (see Experimental Procedures). HEPES which contains residues that are themselves subject ([4-(2-hydroxyethyl)-1-piperazineethane sulphonate) to phosphorylation. In the dephosphorylated state, the was used in buffers throughout the purification and conformation of the activation segment disfavors kinase would be Ϸ10 mM (with a protein concentration of Ϸ activity. Phosphorylation promotes a conformation of 0.1 mM) in the crystallization experiments. HEPES posthe activation segment in which the catalytic and subsesses a sulphonate group whose chemistry is consisstrate binding sites are correctly formed, leading to a tent with the requirements of the site. Furthermore, a substantial increase (Ͼ1000-fold for MAP kinases) in second strong electron density feature is present adjaactivity. Thus, phosphorylation of the activation segcent to the oxyanion site, which corresponds well in size ment provides a means by which the activity of one and position to the piperazineethane moiety of a HEPES protein kinase can be regulated by a second protein molecule bound to the enzyme ( Figure 2A (Figure 2A ). Despite the absence of any phosphorynecker et al., 1996; Xu et al., 1995), oxyanions were lation, the GSK3␤ activation segment has a very similar bound close to the activation segment in a similar fashconformation to the activation segment in the doubly ion to the oxyanion we observe in GSK3␤, interacting phosphorylated active form of ERK2 (Canagarajah et with two basic residues from the underlying structure. al., 1997), but is significantly different from that in the However, CK1 is not activated by phosphorylation and unphosphorylated ERK2 structure (Zhang et al., 1994) only two basic residues, both from the C-terminal do-( Figure 2B) . Furthermore, the arrangement of residues main, interact with the anion. In contrast, in GSK3␤ (as in GSK3␤ implicated in the catalytic mechanism of phosin ERK2 and cAPK/PKA), three basic residues, including phoryl-transfer is superimposable on the arrangement one from the C helix in the N-terminal ␤ domain, conof the equivalent residues in other structures of activerge at this site. In the absence of an anion, the intense vated Ser/Thr protein kinases (Canagarajah et al., 1997; positive potential generated by this cluster of basic side Lowe et al., 1997) ( Figure 2C ). Taken together, these data chains could not be adequately neutralized, and most suggest that unlike MAP kinase or cAMP-dependent significantly, the interaction with Arg 96 from the N-terminal kinases, GSK3␤ can achieve a catalytically active condomain, which positions the catalytic residues in their formation in the absence of activation segment phosactive conformation, would be hard to maintain (Figure  phorylation. 3). The crystal structure of Chk1, a Ser/Thr kinase inWhile there is no electron density for phosphates covolved in cell-cycle checkpoint regulation (Chen et al., valently attached to the activation segment in GSK3␤, 2000), also contained a phosphate ion bound near to we observed a very strong electron density feature in the activation segment, but this does not interact with difference Fourier maps (Ͼ 6) within hydrogen bonding the N-terminal domain and plays no role in activation distance of the peptide main chain at Asn 213 to Val segment conformation, which was unchanged in crys-214. This feature is also close to the positively charged tals grown in the absence of oxyanion. side chain head groups of Arg 96, Arg180, and Lys 205, In vivo, the site occupied by the sulphonate of HEPES which converge at this site, suggesting that this feature could be occupied by inorganic phosphate present in represents an anionic species. In activated ERK2, the the cell so that, other regulatory factors aside, GSK3␤ equivalent residues (Arg 68, Arg 146, and Arg 170) form would be constitutively present in a catalytically compethe binding site for the phosphate of pThr 183 and via that interaction, translate the signal represented by the tent state. However, the unusual substrate preference of GSK3␤ suggests an alternative and much more inter-(Lowe et al., 1997) identifies those GSK3␤ residues that constitute the binding subsites for the phosphorylatable esting role for this anion binding site. Analysis of sites phosphorylated by GSK3␤ (see Table 2 ) suggests a prefSer/Thr in a substrate peptide (site P 0), and for adjacent substrate residues N-terminal (sites PϪn) and C-termierence for sequences of the type: Ser/Thr-X-X-X-Ser/ Thr, where the C-terminal serine or threonine is already nal (sites Pϩn) to that. As in PhK, the PϪ3, PϪ1, Pϩ1, and Pϩ3 substrate residues would be bound to exposed phosphorylated (Fiol et al., 1988 (Fiol et al., , 1990 The site to be phosphorylated is in bold, while the Pϩ4 residue whose phosphorylation "primes" GSK3␤ activity is underlined. All sequence numbers are for the mammalian protein except Dd-STATa which are for the Dictystelium protein. 
Mechanism of Inhibition by SER 9 Phosphorylation
( Figure 5A) ; however, clear dose-dependent inhibition of GSK3␤ kinase activity was observed with the identical Insulin signaling promotes phosphorylation of Ser 9 in GSK3␤ by PKB/Akt (Cross et al., 1995), with consequent peptide when Ser 9 was phosphorylated ( Figure 5B ). An unrelated peptide containing a phosphoserine had no inhibition of GSK3␤. The structural basis for this has not been defined, but could involve one of two mechanisms. effect on GSK3␤ activity at comparable concentrations ( Figure 5C ), showing that the inhibition was not simply Phosphorylation at Ser 9 could be an allosteric effect, promoting a catalytically inactive conformation, in an mediated by a phosphate group, but dependent on the sequence context of the phospho-serine and therefore inverse version of the more commonly observed phosphorylation-dependent activation found in many protein specific. Detailed kinetic analysis ( Figure 5D ) clearly showed competitive inhibition by the phosphorylated N kinases. Alternatively, the phosphorylated N-terminal region might be directly autoinhibitory, blocking access (3-12) peptide, with a Ki of Ϸ 700 M. While this inhibition, although specific, is relatively weak in these interto the active site and/or substrate binding cleft, but only when phosphorylated. To distinguish between these molecular in vitro assays, in vivo, the peptide is covalently attached to the enzyme so that binding is an mechanisms, we analyzed GSK3␤ activity in the presence of a peptide based on its N-terminal segment intramolecular reaction with a very large effective concentration. (3-12) , including the phosphorylatable Ser 9. No inhibition was observed with the unphosphorylated peptide
The requirement for phosphorylation and competition be determined.
column (2.6 ϫ 15 cm), and the protein was eluted using a gradient of 0-1 M NaCl in 50mM HEPES-NaOH (pH 7.2). Fractions were
Conclusions
pooled, pH adjusted to ‫,6.7ف‬ and applied to a Talon (Clontech) column (1.6 ϫ 2.5 cm), which was washed with 50 mM HEPES-
The structure of GSK3␤ presented here provides a satisNaOH, 300 mM NaCl and 5 mM Im-HCl (pH 7.6), and the protein eluted with 50 mM HEPES-NaOH, 300 mM NaCl, and 200 mM Im-HCl factory explanation for the preference of GSK3␤ for sub-
